Escherichia coli RuvC protein is a specific endonuclease that resolves Holliday junctions during homologous recombination. Since the endonucleolytic activity of RuvC requires a divalent cation and since 3 or 4 acidic residues constitute the catalytic centers of several nucleases that require a divalent cation for the catalytic activity, we examined whether any of the acidic residues of RuvC were required for the nucleolytic activity. By site-directed mutagenesis, we constructed a series ofruvC mutant genes with similar amino acid replacements in 1 of the 13 acidic residues. Among them, the mutant genes with an alteration at Asp-7, Glu-66, or Asp-141 could not complement UV sensitivity of a ruvC deletion strain, and the multicopy mutant genes showed a dominant negative phenotype when introduced into a wildtype strain. The products of these mutant genes were purified and their biochemical properties were studied. All of them retained the ability to form a dimer and to bind specifically to a synthetic Holliday junction. However, they showed no, or extremely reduced, endonuclease activity specific for the junction. These 4 acidic residues, which are dispersed in the primary sequence, are located in close proximity at the bottom of the putative DNA binding cleft in the three-dimensional structure. From these results, we propose that these 4 acidic residues constitute the catalytic center for the Holliday junction resolvase and that some of them play a role in coordinating a divalent metal ion in the active center.
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the sought-after enzyme responsible for Holliday junction resolution in E. coli (8) (9) (10) . RuvC protein forms a stable homodimer of 19-kDa subunits, each 172 amino acid residues long (9) . RuvC binds to a synthetic four-way junction with higher affinity than to normal duplex DNA (9, 10) . This topology-specific binding does not require a divalent cation such as Mg2+ or Mn2+ (11, 12) , which is required for the RuvC-catalyzed cleavage of Holliday junctions.
To study the function-structure relationship of RuvC protein, we initiated mutational analysis of the RuvC function along with a crystallographic study. The crystallographic and mutational analysis of the 3'-5' exonuclease of E. coli DNA polymerase I (13), E. coli RNase Hi (14) (15) (16) (17) , and RNase H domain of human immunodeficiency virus type 1 reverse transcriptase (18) (19) (20) showed that 3 or 4 acidic residues constitute the catalytic centers of these enzymes and some of them are involved in coordinating divalent metal ion such as Mg2+. To examine whether any of the acidic residues in RuvC play an essential role in the resolvase activity, we used sitedirected mutagenesis to construct mutant ruvC genes with similar amino acid replacements in each of the 13 acidic residues and examined the function of the mutant genes in vivo and the properties of the mutant RuvC proteins in vitro. In this paper, we describe evidence that 4 acidic residues, Asp-7, Glu-66, Asp-138, and Asp-141, of RuvC constitute the catalytic center of the RuvC endonuclease.
Molecular mechanisms of homologous DNA recombination have been studied mainly in Escherichia coli and essential features of these processes appear to be conserved through the biological world (for reviews, see refs. 1 and 2). (AruvClOO::Cm) and HRS1200 (AruvC200::Km) are derivatives of AB1157 (21) , which was used as a ruv+ control strain. AruvC100::Cm and AruvC200::Km alleles were constructed on plasmids using the cloned gene, transferred into AB1157 via a recD strain (D301) as described (22) . AruvC200::Km allele of HRS1200 was transferred into E. coli BL21 (DE3) by P1 transduction, generating HRS777. The mutant ruvC genes were constructed by site-directed mutagenesis using the cloned ruvC gene on M13mpl9 phage (23) . The wild-type and mutant ruvC genes were excised from the phage vectors by cleaving at a Nco I site at the initiation codon and a BamHI site in the 3' flanking region, which were created by PCR-mediated sitedirected mutagenesis, and cloned into the Nco I and BamHI sites of pET-8c (24) , a T7 expression plasmid. These plasmids were introduced into HRS1100 and AB1157 for complementation test. BL21(DE3) and HRS777 carrying pLysE (24) were used for overproduction of the wild-type and mutant RuvC proteins, respectively.
RuvC Purification. The wild-type and mutant RuvC proteins were purified by the procedure slightly modified from the published one (9), which will be described elsewhere. The Proc. Natl. Acad. Sci. USA 92 (1995) 
RESULTS
Identification of the Acidic Amino Acids Required for the RuvC Activity. To search for acidic residues in RuvC that are important for the catalytic activity, we made a series of the mutant ruvC genes to change each of seven Asp and six Glu residues of RuvC to Asn and Gln, respectively ( Table 1 ). The wild-type and mutant alleles on pET-8c were introduced into HRS1100 and AB1157 to assay the recombination repair . We then constructed another series of the mutant ruvC genes to change these four acidic residues to the other acidic residues (D7E, E66D, D138E, and D141E). These mutant genes also did not complement the DNA repair deficiency of the ruvC deletion strain and made the wild-type strain UV-sensitive ( Table 1) . The levels of synthesis of these mutant RuvC proteins under the conditions of the above complementation test were examined by Western blot analysis using anti-RuvC serum (Fig. 1) .
In both the wild-type and AruvC hosts, all the mutant RuvC and RuvC+ proteins encoded by the plasmids were synthesized at almost the same level. Therefore, failure of complementation of the AruvC strain by the mutant genes was not due to the lack of expression or instability of the synthesized proteins. The amounts of the plasmid-coded RuvC proteins were 6-to 10-fold of that expressed from the chromosomal gene, as measured by densitometric scanning of the Western blot (Fig.  1) . Therefore, the dominant negative effects of these mutant 4 (Fig. 2, lane c) . The dominant negative mutant RuvCs gave no or only a trace of cleaved products (Fig. 2, lanes d-k) . The cleaved products made by the mutant RuvCs, E66Q and D141E, were detected only after overexposure of the gel or after prolonged reaction (Table 2) . With respect to other mutant RuvCs, the cleaved product was not detected even after overexposure or prolonged incubation. These results suggest that the four acidic amino acids, Asp-7, Glu-66, Asp-138, and Asp-141, play a critical role in the nucleolytic reaction.
We examined the ability of these mutant RuvCs to bind to Holliday junctions by a gel-retardation assay. The ability of all the mutant RuvCs to bind to the synthetic junction was indistinguishable from that of the wild-type RuvC (Fig. 3) the cause of the inability of the mutant proteins to cleave the junction.
Since RuvC+ exists as a stable dimer in solution, which is the active form (9), we examined the ability of the mutant RuvCs to form the dimer by gel-filtration chromatography. As shown in Fig. 4 , each of them gave essentially the same elution profiles and retention times as RuvC+, which is eluted at the position corresponding to a protein with a molecular size of '40 kDa. Therefore, this result shows that the functional deficiency of the mutant proteins is not due to the inability to form the dimer.
High Mg2+ and Mn2+ Concentrations Differentially Affect the Cleavage Activity of the Mutant RuvC Proteins. The loss of a negative charge or the alteration of the side-chain length at each mutation site resulted in the Holliday junction cleavage defect in the eight mutant RuvCs. One explanation for this is that the alteration of side chains and accompanying slight structural changes interfere with the interaction of the protein with the divalent cation that is essential for catalysis. To examine this idea, the activities of the mutant RuvCs were assayed at different concentrations of Mg2+ and Mn2+ (10, 20, and 40 mM) with prolonged incubation time (30 min).
Cleavage of RuvC+ appeared to be only slightly facilitated by higher concentrations of both Mg2+ and Mn2+ (10-40 mM) ( could not restore the activity of D7N, D7E, and E66D. Asp-7 appears to play the most stringent role in the catalytic activity among the four acidic residues. These results suggest that the four acidic residues constitute the catalytic center and the alteration of these residues affects the metal coordination, directly or indirectly.
DISCUSSION
Among the 13 acidic residues in RuvC, only 4 residues were identified to play essential roles in recombination repair in vivo (Table 1 ) and in the nucleolytic catalysis in vitro (Fig. 2) . Since the active form of RuvC is a dimer, inability to form the dimer may infringe on the RuvC activity. However, all of the mutant RuvCs examined herein retain the ability to form the dimer (Fig. 4) . Recent crystallographic studies revealed that the contact between the dimer interfaces involves mainly two a-helices arranged roughly parallel to the dyad axis, and dimer formation is contributed by several hydrophobic and a few polar interactions. But the four essential acidic residues identified here are not involved in such interactions to form a dimer (26) . These extensive intermolecular interactions are consistent with the substantial stability of the dimer form.
The dominant negative phenotype of these mutants (Table  1) is consistent with the conclusion that the mutant proteins retain all the RuvC functions except the cleavage activity. This conclusion is also supported by the properties of the mutant RuvCs revealed by the in vitro experiments (Figs. 2-4) . To learn whether the dominant negative phenotype could also be reproduced in vitro, we examined the inhibition of the cleavage activity by the wild-type RuvC, by using 7-fold excess amounts of the mutant RuvCs, which is comparable to the in vivo situation. However, the RuvC+ activity was inhibited only mildly, reducing the cleavage products #2-fold under the standard reaction conditions. The strong inhibition by the mutant RuvCs in vivo can be explained, by assuming that nascent RuvC subunits can freely assemble in vivo and that the heterodimers as well as the mutant homodimers are functional in the binding with the substrate DNA but defective in the cleavage reaction. The much weaker inhibition by the mutant RuvCs in vitro suggests that there is no subunit exchange after the dimer formation, which is supported by the high stability of the dimer under various conditions. However, we cannot rule out the possibility that the pronounced effect seen in vivo is due to unproductive encounters of mutant RuvCs with other components of the recombination machinery, particularly RuvAB, which is bound to the junction.
The crystal structure implies that several positively charged residues of RuvC, which lie in the walls of the putative DNA binding cleft, would be mainly responsible for the interaction with the phosphate backbone of DNA (26) . On the other hand, the acidic residues altered in the mutant RuvCs are thought not to be involved in the binding to DNA, which is consistent with the present result that these mutations did not affect the Holliday junction specific binding activity.
Previous work demonstrated that RuvC requires divalent cations for cleavage of Holliday junction, but the junctionspecific binding can take place in the absence of the cations (11, 12) . The present study revealed that the mutant RuvCs retain the abilities to form a dimer and to bind preferentially to the junction and that they are defective only in cleavage activity. These findings strongly suggest that the four acidic residues are involved in the catalytic step of cleavage of the phosphodiester bonds at the junction and at least some of them are involved in the coordination of the metal required for the cleavage. It is remarkable to find that the four essential acidic residues, which are widely dispersed in the primary sequence, assemble at the bottom of the putative DNA binding cleft in the three-dimensional structure (Fig. 5 and ref. 26 ). These structural features also support the idea that these residues constitute the catalytic center.
To obtain detailed insight into the coordination of the acidic residues with the divalent cation, we examined the effects of higher concentrations of Mg2+ and Mn2+ on the cleavage activity by the mutant RuvCs. Higher concentrations of these metals restored the activity of some mutant proteins (E66Q, D138N, D138E, and D141N) to certain degrees, suggesting that the interaction of the mutant proteins with divalent cation is inefficient. The Asp-7 mutant proteins (D7N and D7E) were not activated by increase in the concentration of the divalent cations. Preliminary x-ray analysis of RuvC crystals soaked into Mn2+ solutions showed that only one metal ion is bound to Asp-7 and Asp-141 and it is located most closely to . Therefore, Asp-7 may play an essential and the most stringent role in the coordination with metal ions. Although the metal lies considerably distant from Asp-138 and the position of Asp-138 is separated from the other three acidic residues that surround the metal in the crystal structure (Fig. 5) , conformational change of the protein upon binding to substrate DNA might induce Asp-138 to approach the catalytic center.
The three-dimensional structure of RuvC is strikingly similar to that of E. coli RNase Hi (Fig. 6 and ref. 26) , despite the lack of any sequence similarity. In addition, the catalytic center of RNase Hi includes at least four acidic residues, Asp-10, Glu-48, Asp-70, and Asp-134, and the first three of them are well superimposed on the three essential residues (Asp-7, Glu-66, and Asp-141) of RuvC, respectively (26) . Therefore, the catalytic mechanisms of these two enzymes may be similar to each other. Crystallographic analysis of RNase Hi in complex with Mg2+ indicates that carboxyl groups of Asp-10 and Glu-48 are directly coordinated with Mg2+ (17) as and Asp-141 of RuvC bound to Mn2+ (26) .
Recent crystallographic studies have revealed the threedimensional structures of the catalytic domains of human immunodeficiency virus type 1 integrase (28) and phage Mu transposase (30) . These structures are strikingly similar to those of RuvC and RNase Hi as follows: (i) The overall back-bone structures that make up the cleft are very similar, including the a-helices and 83-sheets. (ii) Each monomer has a cleft that can accommodate a duplex DNA. (iii) Three or four acidic residues located at the bottom of the cleft form the catalytic centers. Although some sequence similarities between MuA and the integrase have been reported in the region flanking the catalytic residues, no sequence similarities are detectable in the corresponding regions of RuvC and RNase Hi. The integrase family (29) may constitute a new enlarged superfamily that includes RuvC and RNase Hi, and the core structures involved in the catalysis of phosphodiester cleavage might have a common ancestor, which diverged to such a degree that we could barely detect sequence similarity.
